Microtubules exhibit dynamic instability, switching between persistent states of growth and shortening at their ends. The switch between growth and shortening has been proposed to depend on end conformation where growing ends have ''straight'' tubulin protofilaments stabilized by a terminal cap of GTP-tubulin, while shortening ends have lost their GTP-tubulin cap, allowing terminal GDPtubulin dimers to curve inside-out and peel rapidly away from the microtubule lattice. This ''conformational cap'' model predicts that tubulin dissociation from shortening ends is a two-step process where the average lengths of curved GDP-tubulin protofilaments at a depolymerizing end will depend on the ratio of the rate of peeling to the rate of breakage of the longitudinal bonds between adjacent curved dimers. We have tested this model for the plus and minus ends of microtubules assembled with pure porcine tubulin off the ends of axoneme fragments in standard assembly buffer. Individual microtubule ends were imaged using video-enhanced differential interference contrast light microscopy. The rate of rapid shortening was systematically increased by isothermal dilution into assembly buffer containing various concentrations of Mg 21 or Ca 21 ions. At 1 mM Mg 21 and no Ca 21 , shortening occurred at 20 (plus) and 45 (minus) mm/min. The ends appeared similar in contrast to growing ends and the core of the microtubule and the ends appeared blunt or slightly frayed by negative stain electron microscopy. Above 20 mM Mg 21 or above 5 mM Ca 21 , microtubule shortening occurred at 60 (plus) and 115 (minus) mm/min or faster and ''knobs'' were distinctly visible at depolymerizing ends, particularly at the faster minus ends, and knob contrast remained constant during many micrometers of rapid shortening. Negative stain electron microscopy revealed that these knobs were ''blossoms'' of inside-out curved protofilaments, some extending for several helical turns (30 to 60 dimers in length) at constant curvature from the ends. At these high shortening velocities, the peeling of curved protofilaments was confined to within several dimers of the end of the microtubule cylinder, suggesting that dimer curling and protofilament peeling is constrained to the tip by interactions between adjacent straight protofilaments. Depolymerization is produced by conformational changes in GDP-tubulin since microtubules assembled with a slowly hydrolizable analog of GTP, GMPCPP, are stable even at 20 mM Mg 21 or 5 mM Ca 21 . Monte Carlo simulations show that the ratio of the peeling to breakage rate constants can control the steady-state average length of curved GDP-tubulin protofilaments at the depolymerizing end. r 1997 Academic Press
INTRODUCTION
Microtubule ends have the unique ability to switch abruptly from persistent slow growth to persistent shortening under solution conditions which support assembly. This behavior is termed dynamic instability (Mitchison and Kirschner, 1984) . Dynamic instability is an intrinsic property of tubulin since it can be observed for single microtubules assembled from pure tubulin in vitro as well as for microtubules in living cells using video-enhanced light microscopy (Cassimeris et al., 1988; Horio and Hotani, 1986; Sammak and Borisy, 1988; Schulze and Kirschner, 1988; Walker et al., 1988) .
Dynamic instability at either the plus or minus end of a microtubule is characterized by the velocities of the growth and shortening phases and by the frequencies of switching between phases: catastrophe is the switch from growth to shortening and rescue is the switch from shortening to the growth. The kinetic parameters for the growth and shortening phases of plus and minus ends assembled from pure tubulin are different (Walker et al., 1988) . The velocity of growth, which depends on tubulin concentration and the association rate constant, is typically faster for plus ends. The velocity of shortening, which is independent of tubulin concentration, is typically faster for minus ends. In addition, catastrophe frequency is higher and rescue frequency is lower for plus verses minus ends (Walker et al., 1988) .
There is now substantial evidence for a ''conformational cap'' model of dynamic instability for either end which depends on structural changes in the tubulin dimer induced by the hydrolysis of GTP bound to b tubulin (reviewed by Inoué and Salmon, 1995; Hyman and Karsenti, 1996) . Both a and b bind GTP, but the GTP bound to a is nonexchangeable (Hamel and Lin, 1990; Mejillano et al., 1990) . The GTP bound to b is exchangeable only when the dimer is in solution . Free dimers with GTP bound to b (GTP-tubulin) are thought to have a ''straight'' conformation favorable for polymerization (Caplow, 1992; Erickson and O'Brien, 1992) , while free dimers with GDP bound to b (GDP-tubulin), exhibit a ''28°curved'' conformation unfavorable for polymerization (Howard and Timasheff, 1986; Melki et al., 1989; Mandelkow and Mandelkow, 1992) . Binding GTP to the dimer energizes strong association to growing microtubule ends (Carlier et al., 1987) . This has been proposed to be the consequence of the straight conformation of GTP-tubulin strengthening lateral interactions between adjacent dimers at the microtubule ends. Once incorporated into the lattice, the b GTP hydrolyzes to GDP (Carlier and Pantaloni, 1981; O'Brien and Erickson, 1989; Stewart et al., 1990) . It has been difficult to measure any b GTP within assembled microtubules (O'Brien and Erickson, 1989; Melki et al., 1990; Stewart et al., 1990) , but growing ends are stabilized by a terminal cap which is thought to be newly incorporated GTPtubulin or GDP-P i -tubulin (Caplow et al., 1989; Caplow and Shanks, 1996; Drechsel and Kirschner, 1994; Melki et al., 1990; Stewart et al., 1990; Voter et al., 1991; Walker et al., 1991) . Consistent with this model, microtubules assembled or capped (Drechsel and Kirschner, 1994) with tubulin containing a slowly hydrolyzable analog of GTP, GMPCPP, are stable and do not exhibit dynamic instability (Caplow et al., 1994; Hyman et al., 1992) . A catastrophe is thought to occur when the GTPtubulin cap is lost, allowing the now terminal GDPtubulin subunits to break lateral bonds and achieve their natural curved conformation. In this conformational model of dynamic instability, rapid shortening occurs as GDP-tubulin dimers ''peel'' inside-out away from the microtubule lattice (Inoué and Salmon, 1995) .
Evidence for these proposed conformational changes between growing and shortening ends have come mainly from either negative stain or cryoelectron microscopy. By both methods, microtubules appear to grow as a sheet of straight or slightly outwardly curved protofilaments that later close into a tube Erickson, 1975; Hyman and Karsenti, 1996; Simon and Salmon, 1990) . In fixed and embedded preparations, C-shaped profiles are seen for these sheets (Simon et al., 1991) .
The morphology reported for protofilaments at shortening ends has been controversial. The results have depended on the type of microscopy, the composition of the tubulin preparation, the buffer conditions, and the methods used to induce rapid shortening. For microtubules assembled from pure tubulin at 37°C in a standard PEM assembly buffer (80-100 mM Pipes pH 6.9, 1 mM MgSO 4 or 1 mM MgCl 2 , 1-2 mM EGTA) containing 1 mM GTP and then diluted isothermally to induce rapid shortening, microtubule ends are seen using video microscopy to shorten at about 20-35 µm/min (540-950 dimers/sec). By negative staining, Simon and Salmon (1990) found that the ends of these shortening microtubules were blunt or slightly frayed. By cryo methods, reported a higher percentage of shortening ends with a few short curved protofilaments. In contrast, Mandelkow et al. (1991) , using cryo methods, found that 83% of shortening ends exhibited coiled protofilaments, with several curved oligomers per end. Effects of cooling could be responsible for the higher percentage of coiled filaments at shortening ends since cooling to 4°C enhances the length of coiled protofilaments at shortening ends as seen by negative staining (Simon and Salmon, 1990) . Substantial ''blossoms'' of inside-out coiled protofilaments at shortening ends are obvious using negative stain methods for microtubules assembled from tubulin plus brain microtubule-associated proteins (MAPs) (Erickson, 1974; Kirschner et al., 1974 Kirschner et al., , 1975a Simon and Salmon, 1990) ; using cryo methods for pure tubulin microtubules disassembled in the presence of high magnesium (20 mM) or high calcium (5 mM) (Mandelkow et al., 1991) ; as well as using either ultrastructural method for disassembly induced by cooling (Mandelkow et al., 1985 (Mandelkow et al., , 1991 Simon et al., 1991) . All these conditions are known to promote and stabilize the assembly in solution of oligomers, spirals, and rings of GDP-tubulin which have the same 28°curvature as the inside-out curved protofilaments at shortening microtubule ends (Howard and Timasheff, 1986; Mandelkow et al., 1991; Mandelkow and Mandelkow, 1992; Melki et al., 1989; Shearwin and Timasheff, 1992) .
If peeling and subsequent breakage of GDPtubulin protofilaments is the fundamental mechanism of microtubule depolymerization as proposed in the conformational cap model, then the average length of curled GDP-tubulin protofilaments at depolymerizing ends should depend on the ratio of the rate of peeling to the rate of breakage of the longitudinal bonds between adjacent curved dimers. For example, if the rate constants for peeling and break-age were similar in standard assembly buffer and warm temperatures, then most curved GDP-tubulin protofilaments would be unable to achieve more than a few dimers in length before they were shortened by breakage. On the other hand, if the rate constant for peeling was much faster than breakage in buffers containing high divalent cation concentrations, then a large mass of curved protofilaments would be predicted at shortening ends. Therefore, variations in this ratio for the different buffer conditions would explain the wide variations reported for the number and length of curved GDP-tubulin protofilaments at depolymerizing ends.
To test this hypothesis, we have analyzed the structure of plus and minus microtubule ends during rapid shortening by video-enhanced differential interference contrast (VE-DIC) light microscopy and by negative stain electron microscopy. Various concentrations of Mg 21 and Ca 21 ions were used to systematically vary the rate of rapid shortening since they have been shown to increase the rate of microtubule depolymerization (Gal et al., 1988; Melki et al., 1989; Caplow et al., 1989; O'Brien et al., 1990 O'Brien et al., , 1997 Shearwin and Timasheff, 1992) , and the slowly hydrolizable analog of GTP, GMPCPP (Caplow et al., 1994; Hyman et al., 1992) , was used to test the role of GTP hydrolysis. In addition, we have used a Monte Carlo simulation to test how the ratio of peeling to breaking alters the lengths and dynamics of curved GDP-tubulin protofilaments at depolymerizing ends.
MATERIALS AND METHODS

Tubulin, Axoneme, and Buffer Preparations
Tubulin was purified using the method of Voter and Erickson, (1984) and Walker et al. (1988) . Briefly, porcine brain was homogenized and centrifuged through three cycles of warm-cold assembly-disassembly and differential centrifugation in PEM buffer (100 mM Pipes, 2 mM EGTA, 1 mM MgSO 4 , pH 6.9), initially with 1 mM ATP and then after the first cycle with 1 mM GTP. The resulting pellets were resuspended in PEM buffer and passed over an ion exchange phosphocellulose column. The tubulin eluate was further purified by assembly at 37°C with 1 mM Na-glutamic acid and then resuspended in PEM buffer 10.5 mM GTP and stored at 280°C. This PC-tubulin stock was thawed on ice and resuspended in PEM before each experiment.
For experiments requiring GMPCPP-tubulin, stock phosphocellulose-purified tubulin was passed through a Sephadex G25 column to remove solution GTP (Caplow et al., 1994) and then incubated with 1.5 mM GMPCPP to exchange for the GTP on the tubulin exchangeable site.
Axonemes were purified using the method of Bell et al. (1982) . Briefly, Lytechinus pictus sperm flagella axonemes were osmotically demembranated in a 20% sucrose solution and separated from sperm heads with a homogenizer. Axoneme pellets were then washed in a low salt buffer (100 mM NaCl, 4 mM MgSO 4 , 1 mM EDTA, 10 mM Hepes, 7 mM b-mercaptoethanol, pH 7.0), and dynein arms were removed by suspending pellets in a high salt buffer (600 mM NaCl, 4 mM MgSO 4 , 2 mM EDTA, 10 mM Hepes, 7 mM b-mercaptoethanol, pH 7.0). Axonemes were further purified by sedimentation through an 80% sucrose solution. Purified axonemes were stored in 1:1 low salt:glycerol solution at 220°C.
Before being used, axonemes were washed twice and resuspended in PEM buffer.
The standard assembly buffer used in all experiments was PEM buffer (100 mM Pipes, 2 mM EGTA, 1 mM MgSO 4 , pH 6.9). For isothermal dilution with higher concentration of Mg 21 , we added an appropriate amount of MgCl 2 to PEM. For isothermal dilution with no Mg 21 we used Pipes buffer with 2 mM EDTA added and no added MgCl 2 . For dilution with higher concentration of Ca 21 , instead of PEM buffer we used PM buffer which is identical to PEM except that there is no added EGTA. To the PM buffer we then added appropriate amount of CaCl 2 to elevate the Ca 21 concentration.
Chamber Preparation and VE-DIC and Electronmicroscopy (EM) microscopy
We constructed a simple chamber for concurrent observation of single microtubule dynamics and isothermal dilution. The chamber was made of two parallel pieces of double-sticky tape placed ,1 mm apart and sandwiched between one pre-cleaned glass slide and one biologically clean coverslip (Walker et al., 1988) . The chamber has an effective volume of ,7 µL. To one end of the chamber we pipetted through axonemes which stick spontaneously to the glass surfaces. Then PC-tubulin was pipetted through to nucleate and assemble microtubules onto the axoneme fragments. When performing isothermal dilution, we pipetted four or five times the effective chamber volume the appropriate buffer through one end of the chamber and used Kimwipes to quickly suck up the overflowing volume coming out on the other end of the chamber. Isothermal dilution by buffer exchange using this method took about 5-10 sec.
Single microtubule dynamics were observed by VE-DIC light microscopy as described by Walker et al. (1988) . Briefly, we used a Zeiss Universal upright microscope equipped with DIC optics, a Zeiss Plan 100X/1.25NA oil immersion objective, and a 1.4 NA condenser and illuminated by a 100-watt Hg arc lamp through an Ellis optical fiber (Salmon, 1995) . Image acquisition and processing was done with a Hamamatsu C2400 Newvicon video camera and Hamamatsu Argus 10 processor. Images were recorded onto a Panasonic 6570A S-VHS tape recorder. Analysis of microtubule kinetics was done as described in Walker et al. (1988) .
Microtubule ends during shortening were prepared and observed with negative stain EM as described in Simon and Salmon (1990) . Briefly, mixtures of PC-tubulin and axonemes in PEM buffer were allowed to assemble into microtubules in a water bath. At a specific time interval, 5 µL of the sample was placed on a 200 mesh, carbon-coated, 1% Formvar-coated, glow-discharged copper grid. After 15 sec, the grid was rinse quickly with a few drops of the appropriate isothermal dilution buffers and stained with a few drops of 2% uranyl acetate. Because induced shortening observed with VE-DIC microscopy can reach hundreds of microns per minute, we had to limit the time between dilution and staining. This was accomplished by two persons, one diluting and the other quickly staining, in less than 2 sec. EM was then performed on a Zeiss EM10CA at 100 kV.
Monte Carlo Simulation of Shortening Ends
Monte Carlo simulation of the dynamics of GDP-tubulin protofilament peeling and breakage at depolymerizing ends was performed using FutureBasic 1.02 (Zedcor, Inc., Tucson, AZ) software on a Macintosh Power PC. Peeling a GDP-tubulin subunit from the end of the microtubule lattice increased the length of a curved protofilament by one dimer in the time interval 1/k p , where k p is the rate constant for peeling. Beginning with the newly peeled dimer, each inter dimer bond down the length of the curved protofilament was checked for breakage until breakage occurred. The probability of breakage (30 000 k b /k p ) was given by the ratio of the rate constant for breakage k b , divided by k p , multiplied by nearly the largest integer (30 000) that could be obtained from the random number generator. At each bond, breakage occurred if the random number generator returned a number less than this ratio. If a break occurred, the number of dimers in the curled protofilament was shortened to that point. This cycle was repeated for all 13 protofilaments at a microtubule end and then repeated for each new peeled dimer. The length in dimers of an individual protofilament and the average length of all 13 protofilaments was plotted as a function of time, and the average protofilament length during the entire simulation was calculated for each set of values of k b /k p .
RESULTS
Elevated Concentrations of Mg 21 and Ca 21 Increased the Rates of Rapid Shortening of Microtubules during Isothermal Dilution
Microtubules were assembled with 20 µM tubulin from axonemal fragments in PEM buffer at 22°C. Individual microtubules were clearly observed to undergo dynamic instability, with both ends switching between persistent states of growth and shortening, similar to the initial observations of Walker et al. (1988 Walker et al. ( , 1989 . At 22°C, plus and minus ends could be unambiguously identified by their growth rates. Plus ends grew at 2.48 6 0.72 µm/min [n 5 13], and minus ends grew at 1.26 6 0.34 µm/min [n 5 12].
We examined the rapid shortening rates of individual microtubules ( Fig. 1 and Table I ) after dilutions in PEM buffer at 22°C containing between 0 and 50 mM MgCl 2 , and PEM buffer containing between 0 to 10 mM CaCl 2 . Minus ends of microtubules always shortened faster than plus ends under all buffer conditions, and rapid shortening rates of both ends increased with increasing divalent cation concentrations. At zero Mg 21 (2 mM EDTA), plus ends of microtubules shortened at 11 µm/min and minus ends shortened at about 27 µm/min. These rates increased 10-fold to 112 µm/min for plus ends and 6-fold to 162 µm/min for minus ends at 50 mM Mg 21 . Ca 21 had a stronger effect than Mg 21 at the same concentration. At zero Ca 21 (2 mM EGTA 1 1 mM MgCl 2 ), plus ends of microtubules shortened at about 17 µm/min and minus ends shortened at 45 µm/min. These rates increased 14-fold to 252 µm/ min for plus ends and 9-fold to 391 µm/min for minus ends at 10 mM Ca 21 .
Increasing ionic strength also caused an increase in rapid shortening rate, but not to the same extent as the divalent cations (Table I) . For example, isothermal dilutions with 200 mM NaCl, which has 30% higher ionic strength than 50 mM MgCl 2 and 660% higher than 10 mM CaCl 2 , yielded shortening rates of about 49 µm/min for plus ends and 121 µm/min for minus ends, both rates significantly slower than that of high Mg 21 and Ca 21 .
Isothermal Dilution of Microtubules with Mg 21 and Ca 21 Results in ''Knobs'' at Shortening Ends by VE-DIC Microscopy
The VE-DIC monographs in Fig. 2 show the knobs seen at the ends of shortening microtubules under elevated divalent cation concentrations. While the shortening rates of microtubules increased with increasing cation concentrations, knobs at shortening ends only became distinguishable at or above 20 mM MgCl 2 or 5 mM CaCl 2 . Knobs at minus ends had higher contrast than plus ends for a given cation concentration, and the observed contrast and size of the knobs increased with increasing cation concentrations above these concentrations. At each Mg 21 and Ca 21 concentration, the contrast and size of the knobs in VE-DIC remained constant as the microtubule shortened completely back to the axomene without rescue.
Knobs were seen at or above 20 mM Mg 21 or 5 mM Ca 21 concentrations, but not for 100 mM or 200 mM NaCl. At 20 mM Mg 21 , plus ends shortened at 50 µm/min. Near the 1 mM Ca 21 concentration which would produce this shortening velocity, no knobs were visible. This comparison indicates that stability of curled GDP-tubulin protofilaments at shortening ends is promoted best by high Mg 21 , less by high Ca 21 , and least by high NaCl concentrations.
Microtubules Assembled with GMPCPP-Tubulin Do Not Exhibit Rapid Shortening when Diluted into High Cation Concentrations
To test if knob formation at high Mg 21 and Ca 21 requires GDP-tubulin, we assembled microtubules initially from the ends of axonemes with GMPCPPtubulin until they were 3-5 µm long and then perfused in PEM buffer containing GTP-tubulin to grow normal microtubules containing GDP-tubulin (Fig. 3) . After isothermal dilution with PEM buffer and 20 mM Mg 21 or 5 mM Ca 21 , the distal portion of the microtubule which had GDP-tubulin underwent rapid shortening with accompanying knobs. This rapid shortening continued until it reached the portion of the microtubule containing GMPCPPtubulin, where depolymerization abruptly stopped and the knobs disappeared. In the presence of 20 mM Mg 21 , the length of the GMPCPP-microtubules remained constant over many minutes; however, in the presence of 5 mM Ca 21 , the GMPCPP-microtubules slowly shortened without rescue at rates less than 2 µm/min, a rate about 20 times slower than occurred for GDP-tubulin (Fig. 4) .
Electron Microscopy Shows that Knobs Are Blossoms of Protofilaments Coiled Inside-Out away from the Microtubule Lattice
When viewed with VE-DIC microscopy, a single microtubule with a diameter of 25 nm is seen as a continuous array of pairs of diffraction-limited airy disks (one brighter and the other darker than the background) with a width of about 350 nm . The black-white contrast of the observed microtubule is due to the protein mass per diffraction limited area, and this contrast doubles for microtubule doublets (Schnapp, 1986) . At 20 mM Mg 21 , where knobs were obvious, the contrast profile of minus end knobs was about 25% higher than that of the interior microtubule lattice (data not shown), while plus end knobs showed contrast detectable above the microtubule lattice contrast, but difficult to measure accurately. There are about 1625 tubulin dimers per 1 µm of microtubule with 13 protofilaments. This yields approximately 44 dimers per protofilament per 350 nm. A 25% higher contrast would mean an additional 11 dimers on average per protofilament in the diffraction limited region. There are about 16 dimers making up the approximately 40-nm diameter coils of GDP-tubulin (Erickson and Stoffler, 1996) . Therefore, the 25% increase in contrast intensity observed for knobs at the minus ends of shortening microtubules is predicted to occur when the average lengths of the curved GDP-tubulin protofilaments is 11 dimers, or about 3/4 of a complete spiral. The knobs at the plus ends, which showed lesser contrast intensity than knobs at minus ends, would therefore have predicted average lengths of the curved GDP-tubulin protofilaments less than 11 dimers.
These predictions are consistent with our negative stain images. In control dilution with 1 mM Mg 21 , where no knobs were observed under VE-DIC, the ends of shortening microtubules appeared blunt or slightly fraying outward, with one to two dimers protruding by negative stain EM (Fig. 5a ). At 20 mM Mg 21 , where knobs were observed with VE-DIC, EM images showed ''blossoms'' of curved protofilaments at the ends of shortening microtubules, with one end (presumably the minus end) having larger blossoms than the opposite end (presumably the plus end) (Fig. 5b) . Each blossom contained curved protofilaments of different lengths-some protofilaments were a few dimers long while their immediate neighbors had two or more complete spirals. While the exact length of each curved protofilament was difficult to (n 5 9) (n 5 6)
Note. All rates are given as mean µm/min 6 standard deviation, with n 5 number of measurements.
obtain from the negative stain images, the protofilaments at the larger blossom appeared to be consistent with an average length of about 3/4 of a complete spiral, and the protofilaments at the smaller blossom appeared to have shorter average lengths.
Remarkably, the curved protofilaments always began within several dimers of the end of the microtubule. Curved protofilament fragments of different lengths were present in the background in these high-cation concentration preparations. Broken ends (Fig. 5c) were blunt, indicating that blossoms were not an artifact of negative staining, but a property of rapidly depolymerizing ends.
Monte Carlo Simulation: Blossom Size Depends on the Rates of Protofilament Peeling (k p ) and Protofilament Breakage (k b )
The above results show that the average lengths of curved GDP-tubulin protofilaments at shortening ends (1) increase with increasing rates of shortening and (2) remain constant as thousands of dimers dissociate during a single shortening event. Monte Carlo simulations show that these results are predicted by the hypothesis that the average length of curved GDP-tubulin protofilaments depends on the ratio of the rates of GDP-tubulin peeling (k p ) and protofilament breakage (k b ) (Fig. 6a) . Shortening occurs as lateral contacts break and GDP-tubulin dimers peel inside-out away from their neighbors. In our simulations, the average rate of peeling, k p , in dimers/sec, is the velocity of shortening times 1625 dimers/µm divided by 13 protofilaments/end. This may be viewed as the rate of growth of a curved protofilament at a shortening end. We assumed, as a first approximation, that the rate constant for breakage between any two dimers, k b , is independent of position along the curved protofilament from the microtubule lattice to the tip. This assumption is consistent with the apparent length heterogeneity for both the coiled protofilaments in the microtubule blossoms and in the protofilament fragments in the electron micrographs (Fig. 3) . The simulation for 13 protofilament peeling at an end assumes that each protofilament peels at the same rate, since this appears to be the case from the electron micrographs (Fig. 3) . Figure 6b shows the results of the Monte Carlo simulation for k p 5 100 dimers/sec (velocity of rapid shortening about 50 µm/min) and k b 5 1 dimers/sec. As rapid shortening occurs, an individual curved protofilament elongates at constant velocity, k p , but its length fluctuates between 0 and about 40 dimers due to stochastic breakage at sites along it length (Fig. 6a) . Thus, at any instant of time, any one of the 13 curled protofilaments could have a length producing the long protofilament coils seen in the electron micrographs in Fig. 3 . However, since breakage occurs randomly between the 13 protofilaments at a shortening end, the average length of the 13 blossom filaments is about 10 dimers, and the simulation shows that this average does not fluctuate signifi- cantly between 1-sec intervals (Fig. 6b) . This simulation accounts for the detectable contrast of knobs at depolymerizing ends and explains why knob contrast appears constant in the VE-DIC images during many micrometers of rapid shortening (Fig. 2) . Figure 6c shows how average curled protofilament length increases as k p increases and k b decreases in our simulations. At slow rates of shortening, k p is small and the curved protofilaments would average only several dimers long, as exhibited by slowly   FIG. 3 . Microtubules assembled with GMPCPP-tubulin do not exhibit rapid shortening when perfused with PEM buffer containing 20 mM MgCl 2 (a-f ) or 5 mM CaCl 2 (a8-f8). In both (a) and (a8) microtubules were assembled from the plus and minus ends of a axoneme fragment with 2 µM GMPCPP-tubulin until the microtubules were about 5 µm long. Then 20 µM GTP-tubulin was perfused into the preparation to allow continued growth of microtubules to 15-25 µm (b and b8) before isothermal dilution with PEM buffer containing either 20 mM MgCl 2 (c-f ) or 5 mM CaCl 2 (c8-f8). In both cases, the plus and minus ends shortened rapidly until reaching the GMPCPPmicrotubule regions (e-f and e8-f8), where rapid shortening abruptly stopped. Bar, 5 µm.
depolymerizing ends in the 1 mM Mg 21 buffer (Figs.  1 and 5a ). The simulation shows that at high rates of rapid shortening, such as those that occurred at 20 mM Mg 21 or 5 mM Ca 21 , longer curled protofilaments are generated, whose length on average depends critically on the rate of breakage.
DISCUSSION
The Fundamental Mechanism of Rapid Shortening Is Peeling of GDP-Tubulin Dimers
Our experimental results and Monte Carlo simulations are consistent with a conformational cap model of dynamic instability where microtubule shortening occurs by the peeling of the terminal GDP-tubulins inside-out away from lateral contacts with its neighbors, forming curved GDP-tubulin protofilaments which break stochastically at sites along their lengths (Fig. 6a) . There must be cooperativity in the protofilament peeling process as EM evidence indicates that no individual protofilament peels faster than its neighbors-protofilament curving is sustained to the tip of the microtubule even at very fast shortening velocities produced by high divalent cation concentrations. However, there is no cooperativity in the protofilament breakage since there is wide variation in curved protofilament length at any given shortening velocity.
Microtubules assembled from GMPCPP-tubulins do not undergo rapid shortening (Caplow et al., 1994; Hyman et al., 1995) et al. (1997) that Ca 21 enhances the hydrolysis of the b tubulin GTP once the dimer is incorporated into the microtubule lattice. Knobs were observed at depolymerizing ends at the high rapid shortening rates induced by high Mg 21 or Ca 21 , but no knobs were present at similar shortening rates induced by high NaCl. Thus, high rates of rapid shortening and GDP-tubulin peeling are not sufficient to generate large blossoms of curved protofilaments at depolymerizing ends, as suggested by the biochemical studies of Caplow and Shanks (1990) . The ability of high Mg 21 and Ca 21 to stabilize longitudinal bonds in curved GDP-tubulin protofilaments ends (Howard and Timasheff, 1986; Melki et al., 1989; Shearwin and Timasheff, 1992; Mandelkow et al., 1991) probably contributes significantly to enhancing the size of the blossom of curved GDP-tubulin protofilaments.
In our experiments, fast shortening velocities (50 µm/min or greater) were required to see clearly knobs and large blossoms of curved protofilaments at shortening ends by VE-DIC microscopy. In contrast, Simon and Salmon (1990) showed that curled protofilaments several dimers in length are observed by negative stain EM at the shortening ends of microtubules assembled with MAPs from mammalian brain, including MAP 2 and Tau (other examples are reviewed by Erickson and Stoffler, 1996) . The MAPs slow the rate of shortening compared to pure tubulin from 20-35 µm/min to about 15-25 µm/min in 1 mM Mg 21 PEM buffer Pryer et al., 1992) . Since the rate of peeling at these velocities is less than that which occurs for pure tubulin in standard PEM buffer, the MAPs must substantially increase the stability of the curled GDP-tubulin protofilaments, suppressing the breakage which would normally occur without the MAPs.
Asymmetry in Protofilament Peeling Rates between Plus and Minus Ends May Be Due to the Polarity of the a/b Dimer
Our findings showed that the knobs at minus ends are always larger than knobs at plus ends for the same concentration of divalent cations. This result is predicted from our simulations for the faster peeling 
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rates for minus ends compared to plus ends and the same value for k b at either end. Within curled GDP-tubulin protofilaments, there is no apparent asymmetry between plus and minus ends which would account for the difference is blossom size, unless the curled protofilaments break-off more quickly from the wall of the microtubule at plus verses minus ends. Since this seems unlikely, the difference is most likely do to the faster shortening rate of minus ends.
Why minus ends shorten faster than plus ends remains an important question. Most likely the answer depends on how a/b tubulin polarity in the microtubule lattice affects the rate of dimer peeling, since the longitudinal bonds in curved protofilaments will be the same at either end. The dimers are oriented head-to-tail along protofilaments which run lengthwise along the microtubule axis (Erickson and Stoffler, 1996) . Recent evidence indicates that microtubule plus ends contain a crown of b tubulin while minus ends have a crown of a tubulin (Fan et al., 1996; Hirose et al., 1995; Mitchison, 1993) . Erickson and Stoffler (1996) argue that the curvature of GDP-tubulin protofilaments is produced by conformational changes mainly in the b tubulin; a tubulin remains straight because it has not hydrolyzed its GTP. If the bending of b tubulin weakens the lateral interactions for a tubulins attached at either end of b, then this could explain the faster shortening velocities at minus ends in the following way. At minus ends, the b tubulin in the terminal dimer contacts longitudinally both its partner a at the tip and the a of the next dimer in from the tip. The bending of the b in the terminal dimer weakens the lateral interactions for its partner a tubulin at the tip and the a tubulin for the next dimer in from the tip. In contrast, at the plus end, the b is at the tip, and its bending would only influence lateral interactions of its a partner and not the tubulins in the next dimer in from the tip.
Possible Blossom Functions in Depolymerization-Driven Motility
Recent evidence that depolymerizing microtubule ends, in the absence of ATP, can remain attached to and pull on isolated kinetochores (Coué et al., 1991; Koshland et al., 1988) , endoplasmic reticulum membranes (Waterman et al., 1993) , or beads coupled to microtubules by motor proteins (Lombillo et al., 1995) lends support to the idea that depolymerizing ends can exert pulling forces on cellular loads, independent of force production by motor proteins attached to the loads. Different models have been proposed to explain the mechanism of microtubule depolymerization driven motility (reviewed in Inoué and Salmon, 1995) . Hill (1985) proposed a biaseddiffusion model where a load (such as a kinetochore) has multiple weak binding sites at the microtubule plus end. The negative free energy associated with the binding of the load to the microtubule is lowest when all the sites are occupied. Thus, as a microtubule depolymerizes and loses its binding to the load, the load would tend to reestablish these bindings through biased diffusion. Peskin and Oster (1995) expanded this model to include instances where the load can speed up the process of microtubule depolymerization, and thus enhance force production. Koshland et al. (1988) proposed a conformational wave model where depolymerizing ends exhibit curved protofilaments that directly interact with and pull a load. Our findings that depolymerizing plus or minus ends do exhibit blossoms of curved protofilaments favors the conformational wave model of Koshland et al. (1988) . Therefore, during shortening the inside-out curved protofilaments could act as a structural ''hook'' to anchor a load while sustained depolymerization ''reels'' in the anchored load. Furthermore, the size of the hook, the speed of reelingin, the stability of load attachment, and the force exerted should depend on the regulation of k p and k b . Curved protofilaments generated during microtubule depolymerization could act in conjunction with motor proteins to produce forces for intercellular motility.
CONCLUSIONS
A microtubule shortens as GDP-tubulin subunits break their lateral contacts and peel away from the microtubule lattice at a depolymerizing end. The rate of peeling is cooperative among the protofilaments at the microtubule tip. Mg 21 and Ca 21 increase the average length of curled GDP-protofilaments at depolymerizing ends by increasing the rate of peeling and decreasing the rate of breakage, allowing for direct visualization of the curved GDPtubulin protofilaments as knobs in VE-DIC microscopy and as blossoms in negative stain EM. Hydrolysis of GTP is required for dimer peeling and for Mg 21 and Ca 21 to accelerate the rate of shortening and produce visible knobs at microtubule ends. Monte Carlo simulations show that the ratio of peeling rate to breakage rate at random sites along the curved GDP-tubulin protofilaments can govern the size of knobs and blossoms seen at shortening ends.
